one of the authors regrets that she inadvertently omitted references to the computer program and protein potential function that the authors used for their simulations of barnase cited above. The following sentence should have been the first sentence of the Methods section: Molecular dynamics simulations were performed with the program ENCAD (44) and the potential energy function of Levitt et al. (45).
Cell Biology. In the article ''Identification of a family of low-affinity insulin-like growth factor binding proteins (IGFBPs): Characterization of connective tissue growth factor as a member of the IGFBP superfamily'' by Ho-Seong Kim, Srinivasa R. Nagalla, Youngman Oh, Elizabeth Wilson, Charles T. Roberts, Jr., and Ron G. Rosenfeld, which appeared in number 24, November 25, 1997, of Proc. Natl. Acad. Sci. USA (94, (12981) (12982) (12983) (12984) (12985) (12986) , the authors request that the following corrections be noted. In Fig. 8 , the units on the scale should indicate the number of substitution events, rather than ''million years.'' The lengths of the branches represent the relative distance between the sequences of mammalian IGFBPs compared in this figure. In the Discussion, the statement ''The dendogram depicted in Fig. 8 indicates that, based upon structural similarities, all ten members of the superfamily can be traced back to an ancestor gene 60 million years ago'' should read: ''The dendogram depicted in Fig. 8 indicates that all ten members of the superfamily share a common ancestral gene based upon their sequence similarities.'' Neurobiology. In the article ''Hair cell-specific splicing of mRNA for the ␣ 1D subunit of voltage-gated Ca 2ϩ channels in the chicken's cochlea'' by Richard Kollmar, John Fak, Lisa G. Montgomery, and A. J. Hudspeth, which appeared in number 26, December 23, 1997, of Proc. Natl. Acad. Sci. USA (94, 14889-14893), the authors wish to note that the quality of reproduction of Fig. 1 was below standard. In all three panels, the middle parts were affected. Specifically, the reverse (whiteon-black) type denoting exons 9a, 22a, and 30a was illegible; parts of the arrows that represented primers such as F 9 were missing; and the outlines of several of the boxes that depicted exons such as 9, 10, and 20 were defective. The figure and its legend are reproduced below.
Immunology. In the article ''Parasite-mediated nuclear factor B regulation in lymphoproliferation caused by Theileria parva infection'' by Guy H. Palmer, Joel Machado, Jr., Paula Fernandez, Volker Heussler, Therese Perinat, and Dirk A. E. Dobbelaere, which appeared in number 23, November 11, 1997, of Proc. Natl. Acad. Sci. USA (94, (12527) (12528) (12529) (12530) (12531) (12532) , the following correction should be noted. The concentration of N-acetylcysteine used in the experiments was 30 mM, not 25 g/ml as erroneously reported on page 12528, lines 14 and 15 of the paragraph entitled ''Cell Lines and Cultures'' in the Materials and Methods section.
FIG. 1. Alternative splicing of the ␣1D mRNA in the basilar papilla and the brain. (A) Southern blot of PCR products amplified with primers flanking the insert in the I-II loop (exon 9a). Marker sizes in base pairs are indicated on the left. The diagram below of the putative genomic structure (not drawn to scale) depicts exons as rectangles, introns as horizontal lines, and PCR primers as arrows. To amplify all isoforms together, we used primers F9 and R14. To amplify rare isoforms without interference from more abundant ones, we used exon-specific primers: primer F9a binds across the splice junction of exons 9 and 9a, and primer F10 binds across that of exons 9 and 10. The table at the bottom lists product size and occurrence for each splice variant and primer pair. ϩϩ, abundant; ϩ, detectable; (ϩ), barely so; Ϫ, not detectable. (B) Same as A, but for the alternative IIIS2 segment (exon 22a). Note the abundance in the basilar papilla of mRNAs with exons for both IIIS2 segments. (C) Same as A, but for the insert in the IVS2-3 loop (exon 30a). Primer F30a binds across the splice junction of exons 30 and 30a, primer F31 binds across that of exons 30 and 31, and primer F31a binds across that of exons 30 and 31a. For the basilar papilla, the lengths of even the minor products were consistent only with splice isoforms containing exon 30a; for the brain, they were consistent only with isoforms lacking exon 30a. Note the abundance in the brain of mRNAs with exons for both IVS3 segments. 30, 1097-118 ) postulated that the transcription complex is stabilized by enzyme-nucleic acid interactions and the favorable free energy of a 12-bp RNA-DNA hybrid but is destabilized by the free energy required to maintain an extended transcription bubble. Termination, by their model, is viewed simply as displacement of the RNA transcript from the hybrid helix by reformation of the DNA helix. We have proposed an alternative model where the RNA transcript is stably bound to RNA polymerase primarily through interactions with two single-strand specific RNA-binding sites; termination is triggered by formation of an RNA hairpin that reduces binding of the RNA to one RNA-binding site and, ultimately, leads to its ejection from the complex. To distinguish between these models, we have tested whether E. coli RNA polymerase can terminate transcription at rho-independent terminators on single-stranded DNA. RNA polymerase cannot form a transcription bubble on these templates; thus, the Yager-von Hippel model predicts that intrinsic termination will not occur. We find that transcript elongation on single-stranded DNA templates is hindered somewhat by DNA secondary structure. However, E. coli RNA polymerase efficiently terminates and releases transcripts at several rho-independent terminators on such templates at the same positions as termination occurs on duplex DNAs. Therefore, neither the nontranscribed DNA strand nor the transcription bubble is essential for rho-independent termination by E. coli RNA polymerase.
Transcription is a cyclic process composed of four main steps: promoter binding and activation, RNA transcript initiation and promoter escape, RNA transcript elongation, and transcript termination and release. Termination, the last step of the transcription cycle, occurs when the RNA polymerase releases the RNA transcript and dissociates from the DNA template. Release of the RNA transcript is irreversible; any subsequent transcription requires reinitiation at a promoter with formation of a new RNA transcript.
Although most terminators are found at the end of genes, they also occur near promoters and between genes in operons. In prokaryotes, many such termination sites serve as targets for regulation of gene expression (1) (2) (3) (4) . Although the exact mechanism has not been elucidated, regulation of transcript termination also plays an important role in human development and disease (for review, see ref.
5).
Escherichia coli RNA polymerase can recognize rhoindependent terminators intrinsically in vitro in the absence of additional factors. The action of terminators usually depends on formation of an RNA hairpin, although not all RNA hairpins lead to termination. RNA transcript release usually occurs 7-9 nucleotides downstream from the base of the RNA hairpin stem in vitro (4, 6) . The basic RNA terminator structure can vary considerably yet still facilitate termination. The RNA hairpin is often GϩC-rich and RNA sequence 3Ј of the hairpin is often a run of uridine residues, but neither are essential elements (7) . An extensive comparison of numerous rho-independent terminators revealed that the length of the RNA hairpin varies from 4 to 11 bp, the size of the loop varies from 3 to 8 nucleotides, and the U-rich region is frequently interrupted with other nucleotides (8) (9) (10) (11) .
The mechanism by which intrinsic terminators cause stable elongation ternary complexes to cease transcription and release their RNA transcripts is not yet established. Yager and von Hippel (12) (13) (14) hypothesized that it is the overall thermodynamic stability of the ternary complex that determines whether RNA polymerase continues transcript elongation or terminates. According to this model, when RNA polymerase encounters an intrinsic termination site, it is destabilized both by the reduction of the RNA-DNA hybrid length and by the need to maintain an extended transcription bubble, causing it to spontaneously dissociate. A second mechanistic model for transcript termination places greater emphasis on RNA polymerase interactions with the nascent transcript (7, 11, 15) . According to this second model, upon transcription of rhoindependent terminators, formation of the RNA terminator hairpin disrupts the interaction of the RNA transcript with an RNA binding site on the RNA polymerase, leading to release of the transcript.
The goal of our experiments was to distinguish between these two models for transcript termination. The Yager-von Hippel model predicts that rho-independent termination would not occur on single-stranded DNA (ssDNA) templates because of the absence of the nontemplate DNA strand and consequent lack of the transcription bubble. However, the second model predicts that termination should be possible in the presence or absence of the nontemplate strand. To distinguish between these two models, we tested whether E. coli RNA polymerase could terminate transcription at rhoindependent terminators on ssDNA templates.
MATERIALS AND METHODS
E. coli RNA Polymerase. His 6 -tagged E. coli RNA polymerase holoenzyme was purified from E. coli strain RL721 (proThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Abbreviations: dsDNA, double-stranded DNA; ssDNA, singlestranded DNA; rrnBT1, ribosomal RNA operon T1 terminator; T7Te, phage T7 early termination site; tR2, phage termination site R2; Exo III, exonuclease III; %T, termination efficiency; ⌬G°f,complex, standard Gibbs free energy of the elongation complex formation; NTA, nitrilotriacetic acid. *To whom reprint requests should be addressed.
vided by R. Landick, University of Wisconsin, Madison). Cell extracts were prepared and were fractionated with polyethylenimine (polymin P) by the method of Burgess and Jendrisak (16). The RNA polymerase was then precipitated from the polymin P eluate by addition of ammonium sulfate at 35 g͞100 ml. The resulting pellet was extracted twice with equal volumes of 2.0 M ammonium sulfate, and then RNA polymerase was eluted from the pellet with 1.6 M ammonium sulfate. This eluate was fractionated by chromatography on Ni 2ϩ -nitrilotriacetic acid (NTA) agarose, and subsequently holoenzyme was separated from core RNA polymerase by phosphocellulose chromatography (17) . The holoenzyme preparation used in these studies contained 60-75% active RNA polymerase relative to the amount of protein added, as determined by the quantitative assay for RNA polymerases (18) .
Reagents. The following reagents were purchased from the sources noted: ␣- DNA Templates. Oligonucleotides were synthesized by the solid-phase phosphoramidite method on a Biosearch 8750 DNA synthesizer and are designated with the suffix-BT to indicate 5Ј biotinylation. SMU2-BT is 5Ј-BT-CACTATAAG-GAGAGACAACT, SMU3 is 5Ј-CGCGCAAGGAATTTAC-CA AC, SMU4 is 5Ј-T TCGCA ACGT TCA A ATCCGC, END-BT is 5Ј-BT-CGCCAGGGTTTTCCCAGTCACGAC, and ENUS2 is 5Ј-ATGCCTGCAGGTCGACTCTAGA. 5Ј biotinylated DNA templates were prepared by PCR using one 5Ј biotinylated oligonucleotide and one nonbiotinylated oligonucleotide based upon conditions suggested by Higuchi et al. (19) . The following plasmid DNAs encoding the indicated terminators were the starting materials for PCR: pA T7 (T 7 As one measure of ternary complex stability, before and after digestion with Exo III, an aliquot of the reaction was withdrawn and all four nucleotides were added to a final concentration of 500 M and incubated for 10 min at either 37°C or 42°C (a chase reaction, see figures). Reinitiation and nonspecific transcription was prevented by the addition of rifampicin at 20 g͞ml. The chase reactions were performed in either TGK-B 40 M 1 or TGK-B 40 M 4 and when Ni 2ϩ -NTA agarose was used, the buffer also included yeast Torula RNA at 0.8 mg͞ml. Terminated RNA transcripts released into the supernatant fluid were precipitated by addition of ammonium acetate to 1 M, yeast Torula RNA to 40 g͞ml, and ethanol to 70% (vol͞vol). Individual aliquots of the transcription reactions were stopped by the addition of an equal volume of urea͞SDS load buffer, heated to 95°C for 3 min, chilled on ice, and then loaded directly onto a 7 M urea͞15% polyacrylamide [38:2 acrylamide͞N,NЈ-methylene-bisacrylamide] gel. Electrophoresis was carried out at 1,800 V, until the xylene cyanol migrated 26 cm from the wells (about 4.5 h). The gel was then exposed to Kodak X-Omat scientific imaging film with an intensifying screen at Ϫ80°C overnight. Termination efficiency (%T) was calculated as described (ref. 11, see also legend to ). Detection of the biotinylated DNA was facilitated by binding a streptavidinalkaline phosphatase conjugate to it, followed by exposure to the alkaline phosphatase substrate CSPD (Tropix). Upon dephosphorylation by alkaline phosphatase, CSPD decomposes generating visible light that can be detected with Kodak X-Omat scientific imaging film. A typical exposure time was 10 min, between 4 and 6 h after addition of CSPD.
RESULTS
Experimental Design. To study rho-independent termination of E. coli RNA polymerase on ssDNA templates, we took the approach diagrammed in Fig. 1A . These experiments used PCR-generated duplex DNA templates containing a promoter and an intrinsic termination site. First, RNA polymerase elongation complexes were walked 46 or 47 nucleotides from the start site by sequentially adding and removing different subsets of nucleotides. This forms a stable ternary complex positioned from 50 to 90 nucleotides from the actual site of termination. Next, we added E. coli Exo III, a processive 3Ј to 5Ј double-strand specific exonuclease (26) to digest both the nontemplate and template strands from the 3Ј ends up to the halted RNA polymerase (27) . We then washed away the exonuclease and added all four nucleotides (a chase reaction) to enable RNA polymerase to resume transcript elongation on the remaining single-stranded template DNA strand. Because we used linear DNA templates, those elongation complexes that did not release at the intrinsic termination signal would be expected to run off the end of the remaining DNA template. %T at the single-stranded intrinsic termination site was compared with termination on double-stranded DNA (dsDNA) templates by using denaturing gel electrophoresis. Note that in all cases, RNA polymerase had already moved entirely downstream of the remaining duplex DNA region, upon transcribing the termination signal on the ssDNA template.
E. coli RNA Polymerase Terminates Transcription at the Bacteriophage tR2 Terminator on ssDNA Templates. We initially examined termination at the bacteriophage tR2 intrinsic termination site on dsDNA (Fig. 2A) . The tR2 template was designed so that termination at the tR2 site generated two RNAs, 104 and 105 nucleotides long (Fig. 1B  and refs. 22 and 29) . Any ternary complexes that failed to terminate at tR2 continued elongation until they reached the end of the DNA template, 177 nucleotides from the T7 A1 promoter. We formed C 47 by sequentially walking the RNA polymerase from A 20 to C 47 ( Fig. 2 A, lane 1) by using streptavidin-coated paramagnetic beads. When all four nucleotides were added to C 47 before Exo III digestion, three RNAs, 104, 105, and 177 nucleotides long, were generated ( Fig. 2 A,  lane 2) , corresponding to the expected lengths of the two terminated transcripts and the run-off transcript, respectively.
To determine whether the 104-and 105-nucleotide RNAs were due to transcript termination and release at the tR2 site, we took advantage of the properties of the solid-phase transcription system. We separated any remaining bead-bound ternary complexes from the RNA transcripts released into the supernatant fluid and then loaded the RNAs present in the pellet (P, lane 3) and the supernatant fluid (S, lane 4) in separate lanes for denaturing electrophoresis. As expected, the 104-and 105-nucleotide RNAs were found in the supernatant fluid (compare lanes 3 and 4), indicating they were terminated and released at the tR2 terminator.
We then tested the ability of Exo III to quantitatively remove the nontemplate DNA strand downstream of the C 47 complex. We followed the extent of Exo III digestion by determining the length of the individual biotinylated DNA strands before and after digestion. The initial DNA template containing the tR2 termination site was 315 nucleotides long (Fig. 2B, lane 1) . However, after Exo III treatment, the 315-nucleotide nontemplate DNA was quantitatively shortened to approximately 204 nucleotides, the size expected if further digestion was inhibited by the halted C 47 RNA polymerase elongation complexes (Fig. 2B,  lane 2) .
When C 47 complexes resumed elongation on the remaining ssDNA (Fig. 2 A, lane 6) , the 104-and 105-nucleotide RNAs characteristic of termination at tR2 were clearly seen, whereas very little of the 177-nucleotide run-off product was produced (Fig. 2 A, lane 6) . As was the case for termination on dsDNA, the majority of the 104-and 105-nucleotide RNAs were present in the supernatant fluid (Fig. 2 A, compare lanes  3 and 4 with lanes 7 and 8) . Quantitative measurement of the relative levels of terminated products compared with the run-off product reveals that %T at tR2 on ssDNA is about 70% whereas %T on dsDNA is about 60% under these reaction conditions (Table 1) . %T was calculated as described (11) by using a Molecular Dynamics Storm Phosphorimaging system and IMAGEQUANT software.
We observed one significant difference between the dsDNA and ssDNA chase reactions. In contrast to the results seen with dsDNA templates, a substantial fraction of the elongation complexes failed to reach the tR2 termination site during the 10-min chase on ssDNA (Fig. 2 A, compare lanes 2 and 6, and Table 1 , compare % reaches terminator for dsDNA and ssDNA reac- In vitro termination efficiencies for each terminator on ssDNA or dsDNA templates were determined by using a Molecular Dynamics Storm Phosphorimaging system and IMAGEQUANT software. The calculation of termination efficiency was based upon quantitation of transcripts longer than expected for termination (run-off) compared to the quantitation of the 104-and 105-nucleotide transcripts of tR2, the 95-and 96-nucleotide transcripts of T7Te, and the 132-to 134-nucleotide transcripts of rrnBT1. % reaches terminator is the percentage of RNA polymerase that have transcripts shorter than the length expected for the termination site after the chase reaction is completed. Data were taken from analysis of the number of independent reactions indicated within parenthesis and presented as the mean Ϯ SD, where indicated. Errors were calculated as sample standard deviation. Large standard deviations of the rrnBT1 data reflect difficulty in resolution of slightly shorter RNA transcripts, which were inefficiently released from the efficiently released 132-to 134-nucleotide terminated transcripts. tions). These shorter RNAs were found in the bead pellet rather than the supernatant fluid (Fig. 2 A, compare lanes 7 and 8) , and we attribute these RNAs to either paused or arrested elongation complexes. The fraction of these prematurely blocked elongation complexes increased when the distance between the halted ternary complex and the terminator was increased. This effect could be lessened by increasing the temperature during the chase (data not shown). Therefore, we believe that these blocks to elongation were caused in part by DNA secondary structure impeding the progress of RNA polymerase. As an additional test of the specificity of the release of the 104-and 105-nucleotide RNAs, we performed transcription on a DNA template that was identical to the tR2 fragment except that 22 nucleotides encoding the stem loop of the terminator had been deleted. Elimination of the terminator hairpin abolished intrinsic termination on both dsDNA and ssDNA templates but did not affect the increased incidence of elongation blocks on ssDNA templates (data not shown). Transcription was initiated at the promoter (bent rightward arrow) and the ternary complexes were walked proximal to the termination site (T) on double-stranded PCR-generated templates that were biotinylated (shaded circle containing the letter B) at one of the 5Ј ends. Next, the stalled elongation complexes (shaded ellipse) were digested with Exo III (shaded circles, missing a piece) and then all four NTPs were added, allowing the stalled elongation complex to resume transcript elongation. 5Ј and 3Ј ends of the DNA are as indicated. (B) The RNA secondary structures of the three intrinsic terminators, tR2, T7Te, and rrnBT1, are shown. The underlined bases indicate the positions of transcript release and the length of the RNA product [ tR2 and rrnBT1 (ref. 24 , T. Kerppola and M.J.C., unpublished results) and T7Te (25)]. The RNA secondary structures are drawn to conform to the classical model of transcript termination, with a GϩC-rich stem and U-rich region immediately downstream. It should be noted, however, that for the tR2 and the rrnBT1 terminators, the hairpin can be extended to include upstream adenosines and downstream uridines.
FIG. 2.
Assaying for intrinsic termination at the tR2 terminator on both ss-and dsDNA templates. (A) Stalled C47 complexes (lanes 1 and 5) in TGK-B40M1 were chased with 500 M ATP, 500 M GTP, 500 M CTP, and 500 M UTP for 10 min at 42°C in the presence of rifampicin at 20 g͞ml (lanes 2-4 and 6-8). Lanes 2 and 6 are aliquots of the chase reactions before the pellet was separated from the supernatant fluid, lanes 3 and 7 are the RNAs associated with the Dynabeads (P), and lanes 4 and 8 are the RNAs released into the supernatant fluid (S). The tR2 terminator is at positions ϩ104 to ϩ105 relative to the transcription start site, whereas the end of the DNA template or run-off occurs at position ϩ177. Lanes: 1-4, no Exo III; 5-8, digested with Exo III (2,000 units͞ml) for 5 min at 30°C. Quantitation of the total counts within a lane between the C47 complex and the run-off transcript revealed that equivalent counts were present in lanes 1 and 2 and in lanes 5 and 6. One interesting observation we made was that the majority of the run-off transcripts, particularly in the case of the double-stranded chase reaction, remained associated with the pellet (compare lanes 3 and 4) . A plausible explanation for this is that the RNAs associated with the pellet are part of ternary complexes that have arrested proximal to the end of the linear DNA template. This type of phenomenon has also been reported for mammalian RNA polymerase II (28) . (B) Exo III-digested DNA was analyzed on a 6% denaturing PAGE gel and detected by chemiluminescence. The nontemplate strand was end-labeled with on the 5Ј end with a biotin moiety. Lanes: 1, no Exo III; 2, Exo III at 2,000 units͞ml for 5 min at 30°C. The initial DNA template, 315 nucleotides long was reduced to approximately 204 nucleotides after Exo III digestion.
Biochemistry: Uptain and Chamberlin
Proc. Natl. Acad. Sci. USA 94 (1997) 13551 E. coli RNA Polymerase Terminates Transcription at the Bacteriophage T7Te and the rrnBT1 Terminators on ssDNA Templates. To test the generality of termination on ssDNA templates, we examined two additional well-characterized intrinsic terminators, the bacteriophage T7 early terminator (T 7 Te, see Fig. 1B ) and the ribosomal RNA operon T1 terminator (rrnBT1, see Fig. 1B ). Comparisons of intrinsic termination at the T 7 Te and the rrnBT1 termination sites on dsDNA and ssDNA templates are shown in Figs. 3 and 4 , respectively. Both terminators induce RNA polymerase to release RNA transcripts on dsDNA templates (Figs. 3 and 4 , lanes 2-4) and ssDNA templates (Figs. 3 and 4, lanes 6-8) . Thus, rho-independent termination on ssDNA is not limited to the tR2 terminator but is a more general phenomenon. Additionally, the %T of T 7 Te and rrnBT1 when singlestranded was about 65% and 60%, respectively, compared with 58% and 82% when double-stranded (Table 1) . Therefore, as was observed for tR2, termination at T7Te on ssDNA templates was just as great or greater than the efficiency on dsDNA templates.
There were two noticeable differences between termination at the T 7 Te and rrnBT1 sites and termination at the tR2 site in the absence of the nontemplate strand. (i) We observed an additional site of partial transcript release upstream of the T 7 Te terminator. On the basis of the transcript length, we have mapped this site to position G 83 and U 84 (data not shown), both of which occur within the stem of the terminator hairpin. Unlike the quantitative transcript release observed at the test terminators on ssDNA, transcript release at G 83 and U 84 was inefficient. (ii) We observed an increase in the distribution of RNA sizes produced during the ssDNA rrnBT1 chase reaction as compared with the dsDNA chase reaction (Fig. 4 , compare lanes 2 and 6). Whereas termination on dsDNA rrnBT1 templates resulted in three released RNAs, 132-134 nucleotides long (Fig. 4, lanes 2-4) , termination on ssDNA templates generated RNAs ranging in size from 111 to 134 nucleotides (Fig. 4, lanes 6-8) . The majority of the 132-to 134-nucleotide transcripts were released into the supernatant fluid but most of the shorter 111-to 131-nucleotide RNA transcripts remained associated with the Ni 2ϩ -NTA agarose pellet (Fig. 4 , compare lanes 7 and 8).
DISCUSSION
To study the mechanism of rho-independent transcript termination by E. coli RNA polymerase, we have examined termination at the tR2, T 7 Te, and rrnBT1 intrinsic termination sites. At each of these rho-independent termination sites E. coli RNA polymerase terminated and released specific transcripts on ssDNA and dsDNA templates. Termination by E. coli RNA polymerase on ssDNA templates behaved very similarly to termination on dsDNA templates: (i) the RNA transcripts released from the ssDNA tR2 and T 7 Te terminators were identical to those released on dsDNA templates and (ii) termination at two of these rho-independent sites was somewhat more efficient on ssDNA templates. There were some notable differences between termination on dsDNA and ssDNA templates, as well: (i) less RNA polymerase reached the terminator and (ii) the positions of transcript release at the rrnBT1 site were more heterogeneous on ssDNA than on dsDNA templates. 2 A. The T7Te terminator is at positions ϩ95 and ϩ96, whereas transcription to the end of the DNA template generates a run-off RNA of ϩ146 nucleotides. C46 complexes in lanes 5-8 were digested with Exo III at 5,000 units͞ml for 5 min at 37°C. Unlike C47, some of the C46 complexes failed to resume elongation after treatment with Exo III (see lanes 6 and 7). The mechanism of this inactivation is unknown but similar observations have been made by others (29, 30) .
FIG. 4.
Assaying for intrinsic transcript termination at rrnBT1 on ssDNA. C47 complexes bound to Ni 2ϩ -NTA agarose in TGK-B40M4 were chased with 500 M ATP, 500 M GTP, 500 M CTP, and 500 M UTP for 10 min at 37°C in the presence of rifampicin at 20 g͞ml and yeast Torula RNA at 0.8 mg͞ml. The lanes are assigned as for Fig.  2 A. The rrnBT1 terminator is at positions ϩ132, ϩ133, and ϩ134, whereas transcription to the end of the DNA template generates a run-off RNA of 205 nucleotides. C47 complexes in lanes 5-8 were digested with Exo III at 5,000 units͞ml for 5 min at 37°C.
Recently, it was reported that T7 RNA polymerase terminates transcription intrinsically at the rrnBT1 termination site on both ssDNA and dsDNA templates (31) . In addition, the N4 virion RNA polymerase terminates transcription at rhoindependent terminators on ssDNA templates (32, 33) . Therefore, the ability of ternary complexes to terminate transcription at rho-independent terminators on ssDNA appears to be a general characteristic of RNA polymerases.
The Yager-von Hippel transcript termination model proposes that the overall thermodynamic stability of the ternary complex governs whether RNA polymerase continues transcript elongation or terminates (12) (13) (14) . In this model, the stability of a ternary complex (standard Gibbs free energy of the elongation complex formation, ⌬G°f ,complex ) is described by the following thermodynamic stability function:
⌬GЊ f,complex ϭ ⌬GЊ f,DNA-bubble ϩ ⌬GЊ f,RNA-DNA hybrid ϩ ⌬GЊ f,pol-binding .
During transcript elongation when the transcription complex is very stable, the unfavorable free energy of maintaining a 17-bp transcription bubble is outweighed by the favorable free energies of the proposed 12-bp RNA-DNA hybrid, ⌬G°f ,RNA-DNA hybrid , and the interaction of the RNA polymerase with the nucleic acid components of the ternary complex, ⌬G°f ,pol-binding . Termination is caused when terminator hairpin formation reduces the length of the RNA-DNA hybrid, leaving only the 3Ј proximal U-rich region within the RNA-DNA hybrid. Because rU⅐dA base pairs are particularly unstable (34) , the unfavorable energy of maintaining the transcription bubble becomes dominant. This dramatically reduces the stability of the ternary complex (⌬G°f ,complex ϳ 0) and causes the RNA polymerase to release its transcript. Because the only unfavorable free energy source is ⌬G°f ,DNA-bubble , this model requires that rho-independent termination could not occur on ssDNA templates.
Our results demonstrate that the nontemplate strand and ⌬G°f ,DNA-bubble are not essential parts of the intrinsic termination signal or its action. Therefore, the multipartite intrinsic signal that induces RNA polymerase to terminate transcription must be mediated by RNA polymerase interacting with the nascent RNA transcript and the DNA template strand. How might the components of the rho-independent terminator signal the elongating RNA polymerase to release its RNA transcript? Recent evidence suggests that E. coli RNA polymerase contains two nonionic single-strand specific RNA binding sites (15, 35) . Moreover, studies of binary complexes between RNA polymerase and RNA have determined that RNAs containing secondary structure bind more poorly to RNA polymerase than RNAs without hairpins. However, hairpin containing RNAs can be bound by RNA polymerase if there is a region of unstructured RNA on either side of the hairpin (35, 36) . Because of the specificity for unstructured RNA of the RNA binding sites, it seems reasonable that the terminator RNA hairpin serves to extricate or impede binding of the RNA transcript to one or both of these RNA binding sites.
